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Abstract.� Two closelyrelatedchemicaltransportmodels(CTMs) employ-

ing the samehigh-resolutionmeteorologicaldata( � 180 km x � 180 km x � 600

m) from the EuropeanCentrefor Medium-RangeWeatherForecastsareused

to simulatethe ozonetotal columnandtroposphericdistribution over the west-

ern Pacific region that wasexploredby the NASA TransportandChemicalEvo-

lution over the Pacific (TRACE-P)measurementcampaignin February-April2001.

We make extensive comparisonswith ozonemeasurementsfrom the lidar in-

strumenton the NASA DC-8, with ozonesondestaken during the periodaround

the Pacific Rim, andwith TOMS total columnozone.Thesedemonstratethat,

within the uncertaintiesof the meteorologicaldataandthe constraintsof mod-

el resolution,the two CTMs (FRSGC/UCIandOslo CTM2) cansimulatethe

observed troposphericozoneanddo particularlywell whenrealisticstratospher-

ic ozonephotochemistryis included.The modelshave the greatestdifficulty re-

producingthe observationsin the pollutedboundarylayer, whereproblemsre-

latedto the simplified chemicalmechanismandinadequatehorizontalresolu-

tion are likely to have causedthe net overestimationof about10 ppb mole frac-

tion. In the uppertroposphere,the large variability driven by stratosphericin-

trusionsmakesagreementvery sensitive to the timing of meteorologicalfeatures.
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1. Intr
�

oduction

The NASA Transportand ChemicalEvolution over the Pacific (TRACE-P) measurement

campaignover thewesternPacific region in Spring2001provideda comprehensivedatasetof

tropospherictracegasesandtheir chemistryfrom a combinationof aircraft,ground-based,and

satelliteplatforms[Jacob et al., this issue]. The objectivesof the missionwereto determine

the pathwaysfor outflow of tracegases,aerosolsandtheir precursorsfrom easternAsia, and

to studythe subsequentchemicalevolution of this outflow over the westernPacific. A major

focuswason theproductionandexport of ozonefrom this industrialregion. Recentincreases

in emissionsover theheavily populatedandrapidlydevelopingpartsof EastAsiaareknown to

belarge[van Aardenne et al., 1999]andmayhave a significantglobal influenceon air quality

[Jacob et al., 1999]andclimate[Berntsen et al., 1996]. Theeffectsof EastAsiansourceson

ozoneovertheU.S.andEuropearepredictedtobegreatestin earlySpring[Berntsen et al., 1996;

Wild and Akimoto, 2001]. During TRACE-P, in-situ measurementsof ozonefrom the NASA

DC-8andP-3Baircraftandtroposphericprofilesfrom theDC-8 lidar [Browell et al., this issue]

werecomplementedby frequentozonesondesfrom ninesitesaroundthePacific[Oltmans et al.,

this issue],andby total ozonecolumndatafrom theEarthProbeTOMS satelliteinstrument.

Thisrichdatasetprovidesanexceptionalopportunityto testcurrentknowledgeof ozonechem-

istryandtransportwithin theframeworkof chemicaltransportmodels(CTMs)andspecificallyto

assessthesuccessof currentmodelswith appropriatemeteorologyin reproducingtheobserved

ozonedistribution. Theregionandperiodof thecampaignprovideparticularlychallengingcon-

ditions. Themeteorologicalconditionsin springtimeover thewesternPacific arecharacterized

by the frequentpassageof low pressuresystems[Fuelberg et al., this issue],which interlace

continentalair masseswith cleaner, marineair from the tropical westernPacific. The sharp
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rise in temperatureandincreasinginsolationduring springtimeover EastAsia leadto rapidly

increasingphotochemicalactivity. This coincideswith theannualpeakin emissionsof ozone

precursorsfrom biomassburningsourcesin southernAsia, contributing to thelargevariability

in ozoneabundancesoverthewesternPacific. Furthermore,theflux of stratosphericair into the

tropospherein theNorthernHemisphereis greatestin Spring,andmuchof this influx occursin

tropopausefoldsassociatedwith deviationsof thejetstreamthataremost commonovernortheast

Asia in springtime[Austin and Midgley, 1994]. Successfulsimulationof theozonedistribution

overtheregionanditsvariability thereforerequiresagoodtreatmentof stratosphere-troposphere

exchangeaswell asof troposphericphotochemistryandthefluctuationsin transportdrivenby

frontal systems.

In thispaper, wedescribetheuseof twocloselyrelatedCTMs(FRSGC/UCIandOsloCTM2)

drivenby thesameoff-line meteorologicaldatato simulatethetroposphericozonedistribution

over the westernPacific in Spring2001. Thesetwo CTMs arebasedon the samedynamical

framework andtracertransportalgorithms[Prather, 1987;Prather et al., 1987]but run differ-

entchemicalschemes,andthusallow a clearevaluationof theuncertaintiesintroducedby the

chemicalmodelformulation. Themeteorologicaldatais uniqueto thesestudiesandhasbeen

generatedto provideamoreself-consistent,continuouslyintegrated,andhighertemporalreso-

lution globalsetof meteorologicalfieldsascomparedwith othersavailablefor this period. In

addition,bothCTMs containtreatmentsof stratosphericozoneusingtheschemesof McLinden

et al. [2000],sothattheinflux of stratosphericozoneis predictedfromthemeteorologicalfields.

In addition,with theLinoz schemeusedin theFRSGC/UCICTM wesimulatethefull variation

of thetotalozonecolumn,troposphericphotolysisrates,andthestratosphere-troposphereozone
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netflux without imposingfixedozonedistributionsor otherartificial boundaryconditions,still

commonlyusedin troposphericCTMs.

The goalsof the paperare: (i) to documentthe meteorologicaldata; (ii) to demonstrate

that currenttroposphericCTMs cansimulatetroposphericozonedistributionsandtotal ozone

columnsverywell,evenin conditionsof hightemporalandspatialvariability;and(iii) toexamine

theaccuraciesandbiasesof thesesimulationsin light of theavailablemeasurements.In section

2 weprovideanoverview of thetwo CTMsusedandthemeteorologicaldatageneratedto drive

them. In section3 we evaluatethe calculatedozonedistributionsandcolumnsagainstthose

observedfrom thevariousmeasurementplatformsavailableduringTRACE-Pandcomparethe

performanceof thetwo models.In section4 wereview theaccuracy andbiasesof themodelled

ozonewith anin-depthlook at theeffect of spatial-temporalerrorsin themeteorologicalfields

at scalescomparableto the modelresolution. In section5 we concludewith a discussionof

thedirectionsneededto addresstheidentifiedbiasesandto build confidencein ourquantitative

simulationof thesourcesandsinksthatcontroltroposphericozone.

2. Modelsand Meteorology

TheglobalCTMs usedherearetheFrontierResearchSystemfor GlobalChange(FRSGC)

versionof theUniversityof California, Irvine (UCI) CTM [Wild and Prather, 2000;Wild and

Akimoto, 2001],andtheUniversityof OsloCTM2 [Sundet, 1997;Gauss et al., 2002]. These

off-line CTMs maintaina commonframework in termsof their useof meteorologicaldata,

traceradvectionandconvection[Prather, 1986; Prather et al., 1987], and in their choiceof

boundary-layertreatments[Hannegan, 2000]. Thehorizontalandverticalresolutionof theCTM

is takendirectly from (or is asubsetof) themeteorologicaldatasets,whichsupplyadvectiveand

convectivemassfluxes,temperature,pressure,humidity, precipitation,cloudwaterandavariety
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of surf� aceparametersfor controlling treatmentof depositionandboundary-layerturbulence.

In thepresentstudytheOsloCTM2 usestheoptionof theK-profile schemeof Holtslag et al,

[1990],while theFRSGC/UCICTM adoptstheoptionof bulk mixing throughoutthedepthof

theboundarylayereveryhour.

Theprincipaldifferencebetweenthemodelsis in their treatmentof troposphericchemistry.

The FRSGC/UCICTM usesthe ASAD package[Carver et al., 1997] with a simplified hy-

drocarbonoxidationschemeandan implicit integrator; the Oslo CTM2 adoptsthe schemeof

Berntsen and Isaksen [1997] with chemicalintegrationusingthe QSSAapproach[Hesstvedt

et al., 1978]. Both modelscalculatephotolysisrateson-line with the Fast-Jscheme[Wild et

al., 2000],with a full treatmentof scatteringby clouddropletsbasedon suppliedcloudwater

andice contents.Neithermodelcontainsa treatmentof heterogeneouschemistry. While both

modelsreproducethemeandistributionsof troposphericozoneandits precursorsin thecurrent

atmospherereasonablywell [Prather and Ehhalt, 2001],theresponsesof thechemicalsystems

areexpectedto differ at thesmallertemporalandspatialscalesexaminedhere.

Globalanthropogenicemissionsof NOx, CO andhydrocarbonsaretakenfrom theEDGAR

databasefor 1990[Olivier et al., 1996] for theFRSGC/UCICTM andfrom the1995database

[Olivier and Berdowski, 2001]for theOsloCTM2. In bothmodels,emissionsoversouthernand

easternAsiaarereplacedwith thosefor 2000developedspecificallyfor theTRACE-Pcampaign

[Streets et al., this issue]. Naturalemissionsaretaken from theGEIA database.For biomass

burningsources,bothmodelsuseannualemissionsfrom theEDGARdatasets;theFRSGC/UCI

CTM appliesclimatologicalmonthlyvariationsaccordingto Wang et al. [1998],while theOslo

CTM2 usesvariationsfrom Andreae and Merlet [2001].
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In	 the stratosphere,the FRSGC/UCICTM includesa simple treatmentof chemistryusing

theLinoz scheme[McLinden et al., 2000],a linearizationof ozoneproductionandlossin the

present-daystratosphere(specifiedasa functionof latitude,altitudeandseason)thataccounts

for varying temperature,local ozoneabundance,andoverheadozonecolumn. The 120 ppb

mole fraction isoplethof the Linoz traceris usedto diagnosethe dynamicaltropopauseand

provides a self-consistent,four-dimensionaltracertropopause.In addition, the Linoz tracer

providesa demarcationof stratosphericair, a morevaluablequantity than tropopauseheight

becausethetropopausefoldsencounteredduringTRACE-Pmakethedefinitionof a tropopause

heightambiguous.Theselectionbetweentroposphericandstratosphericchemistryis make in

real time for eachgrid box; whentheozoneabundanceabove 10 km exceeds120ppb,Linoz

chemistryis used. Thenetannualflux of stratosphericozoneinto the tropospherebasedon a

yearof T42meteorologyfor 1997runto steadystateis 557Tg/yr, within therangederivedfrom

observationsof 550 
 140Tg/yr [Olsen et al., 2001].

TheOsloCTM2 usesthesyntheticozonetracerSynoz[McLinden et al., 2000], in placeof

a stratosphericchemistry, settingtheannualmeannetflux of ozonefrom thestratosphereinto

thetroposphereat 545Tg/yr. Synozis implementedby having a uniform sourceof this tracer

in the tropical middle stratosphereandhaving it conserved exceptfor near-surfaceloss. This

chemistryprecludescomparisonwith observedcolumnozoneandthuscannotbeusedtocalculate

photolysisrates.In additionto thesetracers,bothCTMs carrya tracerof pseudo-stratospheric

ozonethatpredictstheabundanceof troposphericozonewith astratosphericsource.Thispseudo-

stratosphericozonehasthe stratosphericchemistryof Linoz/Synozand in the troposphereis

removed by chemicallossderived from the local chemicalrates. While this is not a correct

linearizationof theimpactof anaddedflux of stratosphericozone,it providesabetterindication
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of stratospheric� influencethanthatavailableusingpotentialvorticity, which is destroyedin the

troposphereby quitedifferentmechanismsfrom thatof ozone.

The meteorologicalfields for November2000to April 2001aregeneratedat the European

Centrefor Medium-RangeWeatherForecasts(ECMWF) usingtheIntegratedForecastSystem

(IFS) modelversion23r4. Thehorizontalresolutionchosenis thesameasthatfor theERA-40

dataset,TL159 (i.e., N80), but uses40 levels in the vertical, from the surfaceto 10 hPa, the

standardvertical resolutionof earlier IFS models. An optimal setof datafor driving CTMs

hasbeenselected,andinvolvesextractionof integratedconvectivefluxesandthree-dimensional

rainfall information from the IFS model in addition to the standarddiagnostics. The useof

forecastfields allows the treatmentof convection to be fully consistentwith the large-scale

transportfields,precludingtheneedto deriveconvectiveprocessesoff-line. Themeteorological

fields usedherearea sequenceof piecedforecasts;for eachday, the IFS is initialized from

analyses,a 36-hourforecastis run, andthe final 24 hoursareintegratedandstoredat 3-hour

resolution.Theinitial 12-hourspin-upperiodis requiredto allow themodelfieldsto adjustand

is found to be particularly importantfor convective rainfall andfor boundary-layerstructure;

however, sucha spin-upperiodis far too short for the stratosphereandmay leadto spurious

vertical transportacrossthetropopause[Douglass et al., 1996]. While it would bepossibleto

piecetogethershorterforecaststo getthemeteorologyfor eachday(e.g.,four 6-hourforecasts),

ECMWF statisticssuggestthat objective forecastskills areasgoodafter 36 hoursasafter 24

hours,andwe assumethatthis alsoholdsfor thetracertransportfields. Thelarge-scalewinds,

temperatureandpressurearediagnosedasspectralcoefficients;otherparametersarecollected

asgrid-pointdata. Thenotablestrengthsof thesefieldsover otheranalysisproductsavailable
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aretheir� dynamicalself-consistency, theuseof integratedor averagedquantities,the rangeof

diagnosticsselected,andthehighertemporalresolution.

For the presentchemicalstudiesover the TRACE-Pperiod,the horizontalresolutionis de-

gradedto T63 (1.875� x 1.875� ). TheOslo CTM2 usesthe full 40 levelswith a surfacelevel

thicknessof about16m, but theFRSGC/UCICTM adaptstheseto 37 levels,amalgamatingthe

lowest5 levelsinto2 levelsof thicknessabout80mand120m. BothCTMshaveameanvertical

spacingof about500m at 500hPa, increasingslowly to about1200m at 100hPa.

3. Comparison with Observations

A major goal of TRACE-P is to understandthe export of ozoneand its precursorsfrom

industrialregionsin easternAsia. As partof thatevaluation,this paperfocusessimply on our

overallsimulationof troposphericozoneabundancefor themission.Otheranalysesarenecessary

toassessthebudgetof troposphericozone.Forexample,carbonmonoxide(CO)providescritical

clueson theemissionsandmodelmeteorology[Kiley et al., this issue].Analysisof our model

simulationsof ozoneprecursorsandother tracerspeciesmeasuredfrom the two aircraft will

likely giveusmoreconfidencethatwehavecorrectlyidentifiedtheregionsof ozoneproduction.

Indeed,thebiasesidentifiedin thisfirst analysispoint to regionswheremoreextensiveanalysis

is needed.

3.1. TOMS Columns

ThetotalozonecolumnisavailableonadailybasisfromtheEarthProbeTotalOzoneMapping

Spectrometer(TOMS) instrument.Inclusionof theLinoz stratosphericchemistryfor ozonein

theFRSGC/UCICTM allows usto simulatethetotal columnandits full variability. TheOslo
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CTM2
 appliesthe Synozformulationwhich doesnot aim to reproducethe total columnand

cannotbeusedhere.

Figure1 shows the latitudinal gradientin ozonecolumnover the westernPacific region in Figure 1

March2001from TOMS andtheFRSGC/UCICTM. Theverticalbarsshow thermsvariance

overtherangeof longitudesandtime. As goodcoveragefrom TOMSis only availableonadaily

basis,the meansandvariability arederived from the daily columns. The latitudinal gradient

overthewesternPacific region is reasonablywell reproduced,with columnsbelow 250Dobson

Units(DU) in sub-tropicalregionsrisingto morethan450DU at45� N. While themeancolumns

areoverestimatedat high latitudesby up to 12%,andunderestimatedat low latitudesby up to

8%,thegradientatmid-latitudesis well reproduced,andthevariability, risingfrom 4%to about

15%with increasinglatitude,is verywell matched.

Figure1 alsoshows the ozonecolumnasa function of latitude for all longitudes(dashed

lines),anddemonstratesthesignificantlongitudinalstructurein columnozonewith muchhigher

valuesover the westernPacific at mid-latitudes. A steeperlatitudinal gradientis found over

thewesternPacific,with largercolumnsnorthof 30N.Thishigh latitudeenhancementandlow

latitudereductionin regionalozonecolumncomparedwith theglobalzonalmeanis captured

very well in the model. The differencebetweenthe regional andglobal latitudinal gradients

alsosuggeststhatuseof a zonalmeancolumnclimatologywould producea systematicbiasin

this region. Thebiasin thesimulatedozonecolumns,however, highlightsa problemwith the

chemistryat the10%level,or, morelikely, in thestratosphericresidualcirculationof thepieced

IFS meteorologicalfields. A similar tendency to overestimatemid-latitudeozonecolumnsis

foundfor anumberof modelsusingassimilatedwind fields[Douglass et al., 1996;Bregman et

al., 2001].
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To� examinethespatialvariability andthetiming of thepassageof majorfeatures,wepresent

a sequenceof ozonecolumnsover the westernPacific region during Spring 2001 from the

FRSGC/UCImodel synchronizedwith TOMS columnsfrom successive orbits of the Earth

Probesatellite. The movie
�

shows the evolution of the total column, anddemonstratesthat movie

thelargestvariations,drivenby thepassageof low pressuresystemsandthemovementsof the

jet stream,arecapturedwell by themodel,bothspatiallyandtemporally. Someexamplesare

shown in Figure2, highlightingthelargecolumnsnorthof Japanandthecut-off vorticeswhich Figure 2

sometimesoccurover theeasternPacific, andwhich oftenre-attachto themainstreamfurther

downwind. Many of thesefeaturesarereproducedwell bythemodel,andtheirevolutionprovides

additionalinformationto interpretthedailysnapshotsprovidedbyTOMS.Overestimationof the

columnsathigherlatitudestypically occursin thefold regionsbehindlow pressuresystems,and

causesthediagnosedtropopauseheightin theseregionsto betoo low. Despitethisdiscrepancy,

theshort-termandsmall-scalevariationsin thetotal columnarewell reproduced,andhenceit

appearsthatdynamicalimpactsonthelowerstratosphericozonedistributionarewell represented

in theFRSGC/UCICTM usingLinoz andtheEC IFS 40-level pieced-forecastmeteorological

fields. In this comparison,it is importantto look at thehourly simulationsagainstthesatellite

over-passesasshown in themovie, not just at thedaily TOMS maps.

As theannualnetflux of ozonefrom thestratosphereto the troposphereis reproducedvery

well, thesuccessin capturingtotalcolumnvariationssuggeststhatthemodelis in agoodposition

to correctlysimulatethe mechanismsfor exchangeof air acrossthe tropopause,andhenceto

capturetheinflux of stratosphericozoneduringtheTRACE-Pcampaign.
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3.2. Ozonesondes

Profilesof ozoneover the westernPacific in Spring 2001 are available from frequento-

zonesondelaunchesoverJapan,Korea,TaiwanandHongKong,with additionalsondesoverthe

easternPacific from Hawaii andCalifornia [Oltmans et al., this issue],seeTable1. In terms Table 1

of ozonepeaksthroughoutthe troposphere,many of the soundingscapturedintrusionsof s-

tratosphericair in theupperor mid-troposphere,apparentevidenceof stratosphericinfluenceat

lower altitudes,andhighly pollutedcontinentalair in theboundarylayer. We first usethedata

to examinethemodelsimulationsof theverticalprofile, andthenfocuson tropopauseheights

andboundarylayerozone.

Thetroposphericstructureonselectedprofilesduringthecampaignperiodis shown in Figure

3. Both ozonesondeandmodelprofilesshow a high degreeof variability in spaceandtime, Figure 3

with significantlayeringnearthesurfaceandin theuppertroposphere.Agreementbetweenthe

modelledandmeasuredprofilesis quitegood;key featuresaregenerallycorrectlylocated,and

magnitudesarereproducedreasonablywell. In afew casesfeaturesaremissed,suchastheupper

troposphericlayeroverHongKongonMarch29,or aregreatlyunderestimated,asfor thelayer

overTaiwanandHongKongonMarch16;thesemayreflecterrorsin thetimingof meteorological

featuresor variability in chemicalproductionfrom episodicsourcessuchasbiomassburning.

In somecasescomplex profilesarereproduced,but with smallshiftsin locationandmagnitude.

The profile at Nahaon March 6 shows threedistinct layers,andthe modelsindicatethat the

upperandlower layersareheavily influencedby stratosphericair while themiddle layerhasa

morerecentchemicalorigin.

Agreementbetweenthemodelsisusuallygoodatlow latitudes,butratherpoorerovernortheast

Asia, principally dueto the importanceof stratosphericinfluenceover this region. While the
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tracertropopauseis oftensimilar, themagnitudeof intrusionsis ratherdifferent.This is clearest

during large intrusionssuchasthat at Chejuon March 1, or at Kagoshimaon March 13 and

22; theFRSGC/UCICTM slightly overestimatesstratosphericinfluence,while theOsloCTM2

significantlyunderestimatesit. At Sapporoon April 4, wherea layerwith strongstratospheric

influencein the lower troposphereproducedozoneenhancementsof more than 40 ppb, the

FRSGC/UCICTM suggestsan enhancementof about30 ppb, while the Oslo CTM2 gives

an enhancementof only 10 ppb. The stratosphericinfluenceextendsbeyond situationswith

intrusions;the 10 ppb differencebetweenthe modelsin the lower troposphereover Taiwan

on March13 reflectsdiffering stratosphericinfluencein dry descendingair, andis not present

on March 16 or 20 whenthe modelsagreemuchbetter. This suggeststhat a goodtreatment

of stratosphericozonedistributionsis requiredto successfullymodelozonein thetroposphere

throughouttheregion. Specifically, theSynozformulation,basedon anannualmeanflux from

thestratosphere,maynot beadequatefor suchdetailedseasonalsimulations.

Figure4 shows the altitudedistribution of the 150 ppb ozoneisoplethfrom all sondesbe- Figure 4

tweenFebruaryandApril that reachedthe tropopause.This diagnosticreflectsthe heightof

thetropopauseor of any largestratosphericintrusionpresentbelow this. For theFRSGC/UCI

CTM, thevariationin altitudeis capturedwell, with just five or six caseswherestratospheric

intrusionswereinterceptedbut arenot found in themodel,anda similar numberfound in the

modelbut not in the observations. Most of thesecasesoccurfor ChejuandTateno,closeto

the tropopausebreakaround35� N, andareprincipally dueto spatialandtemporaloffsetsin

the meteorologicalfields; the impactsof this variationareexaminedin the following section.

While thefigurereflectsthelatitudinalgradientin meantropopauseheights,largestratospheric

intrusionswith ozonegreaterthan150ppbfound5–6km below themeantropopauseheightare
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successfully� capturedat Kagoshima,NahaandHilo on many occasions.While thevariationin

heightis capturedvery well, thereis a net tendency to underestimateit by about500m (about

half thethicknessof a modellevel at 12 km). This is drivenprincipally by thenortheastAsian

sites,andis consistentwith thehighertotal columnsfoundover theregion,notedearlier.

The Oslo CTM2, using the Synozformulation, capturesthe tracertropopausewell at the

higherand lower-latitudesites,but underestimatesthe magnitudeof the large intrusionsthat

affect Tateno,ChejuandKagoshima.In 10–15cases,theseintrusionsdo not reach150ppbof

ozone,andthe150ppbisopleththereforereflectstheheightof thetropopauseratherthanthatof

theintrusion.Consequently, the150ppbdiagnosticshown in Figure4 is overestimatedonthese

occasions.Examplesof this canbeseenin Figure3 for Chejuon March2 andfor Kagoshima

on March13. In theabsenceof thesesites,agreementis ratherbetter, with a slopeof 0.91and

r
�

of 0.88,but a net tendency to overestimatetheheightby about1 km remains,reflectingan

underestimationof thestratosphericcontributionto backgroundozonein theuppertroposphere.

High levelsof ozoneareseenin theboundarylayeronanumberof occasions,andwhile more

extremeevents,suchasoverTaiwanonMarch16,areunderestimated,thereisageneraltendency

towardsoverestimation.In Figure5, weshow themeanozonelevel in theboundarylayerbelow Figure 5

800hPafrom theozonesondesandthemodels.In theFRSGC/UCICTM, ozonelevelsarewell

matchedin cleanerregionssuchasat Hilo, but areconsistentlyoverestimatedat theJapanese

sitesby anaverageof 18 ppb. Themostpollutedcaseswith ozoneup to 90 ppboccurfor sites

closeto largeurbansources,andmayreflectlocalpollutionepisodeswhicharenotcapturedby

themodel.Overall sondes,meanozonein thislayeris 45.0
 12.2ppb,while themodelsuggests

56.5
 13.3ppb,anetoverestimationof almost12ppb. For theOsloCTM2, diagnosticsfor Hilo

areunavailable,andthecorrelationis consequentlypoorer. A similar overestimationof ozone
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over� the Japanesesitesis seen,but is rathersmallerthanfor theFRSGC/UCICTM, typically

lessthan10 ppb. Themeansondeozoneis 48.3
 12.9ppb,comparedwith 52.7
 5.6 from the

model,a netoverestimateof lessthan5 ppb. Thesmallertendency to overestimateboundary

layerozonein theOsloCTM2 comparedwith theFRSGC/UCICTM is seenin thesecondpanel

in Figure5. However, thevariability in ozoneis not capturedaswell with theOsloCTM2, and

in themorepollutedcasesozoneis underestimated.

The tendency to overestimateozoneover the northeastAsian sitesstemspartly from the

inherentinability of coarse-resolutionmodelstocapturethenon-linearitiesin smogproductionof

ozone,includingNO� loss,verycloseto sourceregions.It mayalsobedueto errorsin precursor

emissions.The effect is larger for the FRSGC/UCICTM, wherethe boundarylayer mixing

schemefurtherdilutesemissions.TheHoltslagschemein theOsloCTM2 reducesthismixing,

typically leadingto lesschemicalproductionand a bettervertical gradient. Overestimation

is particularlybadover Japanesesites,asair arriving herehastypically crossedmajor source

regionsoverChinaandKorea,oftenin thestronglycappedboundarylayerbehindacold front,

andhencethesenon-linearitiesareexaggerated.Agreementis somewhatbetterin bothmodels

over the southernsitessuchas Hong Kong, but modelledvariability here is large, perhaps

reflectingepisodicinfluencefrom largelocal sources.Notealsothatthemajority of sondesare

launchedin theafternoon,whenphotochemicallyproducedozonein theboundarylayermaybe

at amaximum.

Thestratosphericcontributionsto near-surfaceozonearegreaterthanthoseovermuchof the

restof the profile on a numberof occasions,particularlyover Taiwan andHong Kong. Two

examplesfrom the FRSGC/UCICTM are shown in Figure 6. This typically occurson the Figure 6

southernsideof high pressuresystems,wherestratosphericair broughtdown behindthecold
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front	 of aprecedingcyclonecontinuesto subsideto thelowertroposphereovertheocean,andis

broughtto thecoastalozonesondesitesby low-level on-shoreflow. OverTaiwanon March13,

thereisadistinctlayerof stratosphericinfluencebelow 800hPaatthebaseof adry, subsidingair

masscappingtheboundarylayer;thesondeprofileshowsthesamefeatures.Similarconditions

areseenoverHongKongon March16,althoughin this casethemid-troposphereis dominated

by more humid westerlyflow from continentalregionswhich shows very little stratospheric

influence;only in a dry layer at 400 hPa are stratosphericimpactsagainvisible. Note that

ozonefrom non-stratosphericsourcesis alsoelevatedin theboundarylayer, aslocal chemical

productionissupplementedbyrecirculationof pollutedcontinentalair transportedovertheocean

behindthepreviouscold front. While the simpleboundarylayer treatmentusedin the model

may overestimatethe mixing of stratosphericair to the surface, it is clear that stratospheric

intrusionsmaystronglyinfluencetroposphericozonebelow 800hPain springtimeevenat these

low latitudes.

Thepeakin ozoneat320hPaoverHongKongonMarch16isnotcapturedwell byeithermodel

(seealsoFigure5). Althoughthislayeris relativelydry, themodelsindicatethatthestratospheric

influencehereis small. Thelocationof thepeakis capturedbetterby theOsloCTM2 thanthe

FRSGC/UCICTM, andthedifferencebetweenthemodelshereandsimilarity over therestof

theprofile suggesta troposphericorigin dueto differenttreatmentsof chemistryor emissions,

ratherthanto miss-timingof anintrusionin themeteorologicalfields. Underestimationof ozone

formationfollowing precursoremissionsfrom episodicsourcessuchasbiomassburning over

southeastAsia, treatedin a climatologicalsensein the presentmodellingstudies,is the most

likely reasonfor this discrepancy.
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3.3. Lidar Profiles

Thelidar instrumenton theDC-8 aircraftprovidedhigh-resolutionprofilesof ozonethrough

thedepthof thetropospherefor eachflight duringthecampaign[Browell et al., this issue].We

derivesimilarprofilesfrom themodelsby following theflight tracksthoughmodelfieldsoutput

athourly resolution,andshow examplesof thecomparisonfor theFRSGC/UCICTM in Figure

7. We selecttwo transitflights,oneover thecentralPacific andoneover theNorth Pacific,and Figure 7

twoflightsoverthewesternPacific,oneoutof HongKongandoneoutof Yokotaair-base,Japan.

Cloudopticalextinction derivedfrom themeteorologicaldatais alsoshown, asclouddroplets

attenuatethebeamof thelidar instrument,andhenceaccountfor many of thegapsseenin the

data.

Theozoneprofilesontheseflightsdiffer greatly, dependentprincipallyonthelatitudeandthe

meteorologicalfeaturesencountered.Onflight 5, fromHawaii toGuam,theaircraftencountered

athick layerof pollutedair of Asianorigin coveringawideareaof thecentralPacific,overlying

the cleanmarineboundarylayer andcappedby clean,subsidingair. This layer hadbecome

detachedfrom the main westerlyflow at higher latitudesdueto the actionof a strongfrontal

systembringingcleanermarineair fromthesouthwest.Theformationof thislayeris reproduced

successfullybythemodel,thoughpeakozoneisunderestimatedby5–8ppb. Flight7,outof Hong

Kong,sampledair on bothsidesof a frontal systemoff thecoastof China. Aheadof thefront

theair wasrelatively clean;while cloudcoverin thevicinity of thefront preventedclearprofiles

in thefrontalregion,themodelshowshighlevelsof ozonein theboundarylayeroutflow behind

the front, and elevatedlevels of ozoneat 8-10 km with both stratosphericand tropospheric

components,suggestingfilamentsof dry stratosphericair interlacedwith convective outflow.

Aheadof thefront againozonelevelsarelower, thoughapersistentlayerof troposphericorigin
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is present� at around10 km in bothmodelandmeasurementprofiles. Flight 14, out of Yokota,

sampledconvective outflow over thewesternPacific, interlacedwith filamentsof stratospheric

air. Relatively high levels of ozoneare found in the uppertropospherein the model,with a

numberof clearstratosphericintrusionsencountered;however, therearealsostrongbandsof

continentaloutflow at8–10km, consistentwith convectiveactivity overEasternChina.

We considerin detail the featuresof the ozonedistribution on flight 18, April 3–4, when

theDC-8 flew from Japanto Hawaii. This flight involved two frontal crossings,andthe lidar

profilesshow ahighdegreeof structure,muchof whichiscapturedwell bythemodel.Thefrontal

crossings,atabout23:30and04:00GMT,standoutclearlyin theprofilesshowninFigure7dueto

thesharpdropin ozoneabundancesonmoving fromregionsbehindthefront,heavily influenced

by subsidenceof stratosphericair, to cleanerregionsahead.Thelargeintrusionandheavy cloud

coverassociatedwith theyoungerfrontalsystemtothewestarecapturedwell; asmallerintrusion

atabout5 km is seenbehindthematuresystemin thecentralPacific. Stratosphericinfluenceis

alsoseenin twosteeply-slopingfilamentstowardstheendof theflight ontheapproachtoHawaii.

To moreclearlyillustratethemainfeaturesof theozonedistribution,weshow thestratospheric

andtroposphericcomponentsof ozonefrom themodelledprofilesin Figure8. Thelocationof Figure 8

thefrontalsystems,andtheirperiodicnature,canseenin the500hPasurfaceof thestratospheric

component,with largeintrusionsbehindeachfrontwrappingroundthetrailinganticyclone.The

stratosphericozonevisibleat10� N 170� W is theremnantof anintrusionfrom aprevioussystem

trappedin the tropics; the tropopausefold leadingto the creationof this intrusion is clearly

visibleat 170� W in thetotal ozonecolumnonMarch31,shown in Figure2. Thetwo filaments

encounteredtowardstheendof theflight areremnantsof this intrusion.Continentaloutflow in

themid-troposphereisclearlyvisiblebetweenthefrontalsystemsashighlevels( � 40ppb)of the
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tropospheric� componentof ozone,andresultsfrombothtransportof pollutedairpreviouslylifted

by convection,andfrom slower lifting associatedwith the fronts. Nearerthe surfacethereis

somerecirculationof post-frontaloutflow aroundtheanticyclone,accompaniedby asignificant

stratosphericcomponent,althoughthisis overestimatedcomparedwith thelidar profiles.Ahead

of theeasternfront, thelower troposphereis influencedby cleanmarineair masses,but higher

ozonein theuppertropospherehasalargecomponentfromEastAsiansourcesthatcanbetraced

backto thecontinent5–6daysearlier.

In summary, themodeldoesverywell simulatingthehighly variabledistributionof ozonein

thetroposphere.Themaindiscrepanciesarein theboundarylayer, wherethereis a tendency to

overestimateabundancescloseto continentalsourceregionsasnotedearlier, andin theupper

tropospheresouthof 30� N, whereepisodicsourcesoversoutheastAsiasuchasbiomassburning

leadto occasionalunderestimationof ozone. The cappingof the boundarylayer behindcold

frontsis ratherstrong,andcontributesto theexcessozonebuild-upcloseto thesurfacein these

simulations.

Note that the ECMWF IFS model capturesthe generalfeaturesof the cloud fields quite

well. While cloudcover is oftenvery heterogeneousat smallscales,andinterceptionstrongly

dependenton thetrackof theaircraft,themodelappearsto capturethepresenceof larger-scale

clouddeckswell, particularlythoseassociatedwith frontal systems.In many cases,suchason

flights7 and14, thesearecorroboratedby theflight log andclearlyaccountfor thelackof lidar

data.

4. Evaluation of Biasesand Accuracy

Wehaveidentifiedsomeclearsystematicbiasesin theozonesimulationsin termsof columns,

boundarylayerabundance,andtropopauseheights.Ontheotherhand,wehavefoundasurprising
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accurac� y in simulatingthefine structureof theozonecolumnsthatarematchedby theTOMS

swaths.Oneaspectof theaccuracy of thesesimulationsthatwehavenotexaminedis thespatial

andtemporaldisplacementsof chemicalor meteorologicalfeaturesthatmaybedueto biasesin

emissions,chemicaltime scales,or phaseerrorsin thedriving meteorology. In this sectionwe

focuson thelatter.

The timing andplacementof major dynamicalfeaturesin the IFS meteorologicalfields is

generallygood,asseenfrom theTOMS columns(Figure2), ozonesondeprofilesof humidity

(Figure6)andtemperature(notshown),andthepositioningof themajorclouddecksencountered

ontheaircraftflights(Figure8). Nevertheless,thecalculatedozonedistributionissensitivetoany

deviationsthatmayoccur, particularlyin theboundarylayercloseto continentalsourceregions,

wherechemicalozoneproductionanddestructionmay be fast,andin the uppertroposphere,

wherevariability is largedueto theformationandpassageof stratosphericintrusions.

Toassessthesensitivity of ozoneto thistypeof variability, weextendtheozonesondecompar-

isonswith theFRSGC/UCICTM by varyingthesondelocationby oneor two grid boxes(2–4�

in latitudeor longitude),andby varying the samplingtime by 6–12hours. To investigatethe

impactof stratosphericintrusions,we focusontheregionof greatestvariability between30and

35� N, closeto thejet streamandthetropopausebreak.Figure9 showstheozonesondefor Cheju Figure 9

(33.5� N) onMarch1, 2001,togetherwith thevariability of themodelprofile in spaceandtime.

Thesimulatedprofile capturestheozonesondeprofile well, with a thick stratosphericintrusion

at 250 hPa reaching120 ppb anda secondstratosphericlayer at 500 hPa which is broaderin

the model thanin the observations. The shift in simulatedprofile with latitudedemonstrates

thepresenceof stronggradients.At themostnortherlyextentthereis a single,broadintrusion

peakingat350ppbat200hPaandfilling theuppertroposphere,while to thesouththemagnitude
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rapidly� dropsoff andtwo intrusionsareseen,with peaksat 300 and600 hPa. At the correct

latitude,themodelprofile reproducesboththemagnitudesof theozonepeaksandthealtitudes

of the layers. Thelongitudinalgradientis rathersmaller, asexpected;theupperbranchof the

intrusionweakensonly slightly from westto east,but thelowerbranch,presentat600hPain the

westernprofiles,vanishesonmoving to theeast.While boundarylayerozoneis over-estimated

in all theseprofiles,themorewesterlyones,over theYellow Seaandcloserto sourceregions,

show thegreatestenhancements.Thetemporalvariationovera24-hourperiodis alsolarge. The

upperbranchof theintrusionbuildsin magnitudeanddropsabout50hPa;thelowerbranchisnot

visible in thefirst profile,anddropsrapidlyfrom 400to 700hPa,with anappropriatemagnitude

only at thecorrectsamplingtime. Thebaselinetroposphericozonedropsfrom 80 to 50 ppbat

theendof thisperiod,asthestratosphericinfluenceis transportedeastwards.Twenty-fourhours

later, onMarch2, whenasecondozonesondewaslaunched,theselowervaluesaremaintained,

andtheprofile is essentiallyflat up to 250hPa, wheretheupperbranchof the intrusionis still

visible. This shift in structureover 24 hoursis simulatedextremelywell by the FRSGC/UCI

CTM.

This casewasselectedfor theobservationof stratosphericintrusionsandfor theavailability

of distinct ozonesondeprofileson successive days. While it is broadly typical of our model

simulations,intrusionsarenot reproducedaswell in someothersituations,asseenin Figure4.

Allowingasmalldegreeof spatialandtemporalshift in fitting themodelledprofilesto thesondes

to adjustfor thephasingof themeteorologymaythereforeimprovetheagreement,asexpected.

This mayprovide thebasisfor a morequantitativemeasureof modelperformancein capturing

profile structure,andis a goal of future research.Nevertheless,we demonstratethat in many
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cases� thestructureisalreadyreproducedwell, with nosystematicadjustmentrequiredto improve

thefit, andconcludethatthereis noobviousspatialor temporalbiasin themeteorologicalfields.

5. Conclusions

This paperhasintroducedandcharacterizedtwo CTMs (FRSGC/UCIandOsloCTM2) that

arebeingusedto examinethechemicalenvironmentover thewesternPacific in Spring2001,

with thegoalof quantifyingtheimpactsof Asianoutflow onregionalandglobalscales.Wehave

describedthemeteorologicaldatausedto drive thesemodels,generatedwith theECMWF IFS

modelspecificallyfor theTRACE-Pcampaign,andhavedemonstratedthatthegeneralfeatures

of the troposphericozonedistribution dueto both troposphericandstratosphericsourcesare

capturedverywell.

Applicationof alinearizedstratosphericphotochemistryfor ozoneproductionandloss(Linoz)

allowsusto modelsuccessfullythetotalozonecolumnandits short-termvariabilityandappears

to be muchbetterthansimplerapproaches.The consequentself-consistency of stratospheric

ozonewith thedynamicalfeaturesof the tropopauseregion allows a morerealisticsimulation

of stratosphericintrusions.Fromcomparisonswith bothozonesondesandlidar measurements,

thisstratosphere-troposphereinterfaceis reproducedwell over thewesternPacific in theSpring

2001 period. Use of a simpler, syntheticozonetracer(Synoz) leadsto underestimationof

the magnitudeof intrusionsin this region in springtime,even thoughthe total annualcross-

tropopauseflux is appropriate. A detailedcomparisonwith measurementssuggeststhat the

tropopauseheightsdiagnosedusingtheLinoz chemistryareslightly too low, andthat thetotal

ozonecolumnnorth of 35� N is too large. This is likely dueto a morevigorousstratospheric

overturning,andsimilar excessfluxesof stratosphericozonewith assimilatedfieldsarenoted

by others[Douglass et al., 1996].
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Ozone� in theboundarylayerover northeastAsia is generallyoverestimatedin bothmodels.

We believe thata largepartof this biasis dueto overestimatedchemicalformationassociated

with thedilution of precursoremissionswithin a modelgrid box inherentto coarse-resolution

Eulerianmodels.Theoverestimationisworsein theFRSGC/UCICTM, wherecompletemixing

of theboundarylayeroccurseveryhour; in theOsloCTM2, whichmaintainsverticalgradients

within theboundarylayer, thereis lessefficientozoneproduction.However, otherfactors,such

aserrorsin precursoremissions,strongboundarylayer cappingin outflow behindfronts,and

overestimationof stratosphericinfluences,mayalsocontribute. In cleanconditions,suchasat

Hilo, themodelsperformbetter. We will needto examinetheozonebiaswith respectto other

tracersfrom ozonesourceregionsto resolve this uncertainty.

Themeteorologicalfieldsusedin themodelscapturethegeneralstructureandtiming of the

cyclonic systemsthat affect the westernPacific region. We demonstratethe large variability

in ozonethat may occuron relatively small temporalandspatialscales. Allowing for small

space-timeerrorsin thephasingof themeteorologycanin a few casesleadto betteragreement

with observations,althoughthereis noobvioussystematicbias.Furtherevaluationsof potential

biaseswill needto considera muchwider rangeof sensitivities to potentialuncertaintiesin

emissionsandmodelresolutionin thesourceregions.

Althoughwe have demonstratedthat themodelcanreproducethedistribution of ozonerea-

sonablywell, it is clearfrom boththeLIDAR profilesandtheozonesondesthatthereis a great

dealof small-scalestructureandlayeringin thetropospherethatis beyondtheability of CTMs

to captureatcurrentresolutions.A key questionis whethertheaveraginginherentin these(and

other)CTMs is sufficient to capturethemeanimpactsof precursorson oxidantabundanceson

thecorrecttemporalandspatialscales.This issuewill beaddressedin futurework.
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Table1. OzonesondeLaunchSitesAroundtheNorth Pacific,February–April2001

Site Location Number

Sapporo,Japan 43.1� N 141.3� E 10
Tateno,Japan 36.1� N 140.1� E 27
Cheju,Korea 33.5� N 126.5� E 9
Kagoshima,Japan 31.6� N 130.6� E 10
Naha,Japan 26.2� N 127.7� E 11
Taiwan 25.0� N 121.4� E 14
HongKong 22.3� N 114.2� E 8
Hilo, Hawaii 19.4� N 155.0� W 25
TrinidadHead,CA 40.8� N 124.2� W 23
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Figur
�

e 1. The latitudinal gradientin ozonecolumnover the westernPacific region (90� –180� E) in

March2001from TOMS(grey) andtheFRSGC/UCICTM (black). Thezonalmeanoverall longitudes

for thesameperiod(dashed)is shown for comparison.Verticalbarsindicatethermsvarianceover the

rangeof longitudesandtime.

Figure 2. Total ozonecolumnsfor selecteddaysduring the campaigncomparedwith concurrent

columnsfrom theTOMSinstrument.Notethattheorbitsprecessfrom eastto west,coveringtheregion

shown in about10hours,with thefinal, westernmostorbital typically atabout4:00GMT; comparisons

areshown at or soonafterthis to minimizethephaselag.

Figure3. Comparisonof ozoneprofilesfrom theFRSGC/UCICTM (black,dashed)andOsloCTM2

(grey, dashed)with ozonesondeprofiles(solid lines) during the TRACE-Pcampaignperiodin 2001.

Profilesover theeasternPacificareavailablefrom theFRSGC/UCICTM only.

Figure 4. Altitude distribution of the150ppbisoplethof ozonefrom all ozonesondesover theNorth

Pacific betweenFebruaryandApril 2001,againstthosefrom the FRSGC/UCICTM (left) andOslo

CTM2 (right).

Figure5. Meanboundarylayerozonebelow 800hPafrom theFRSGC/UCICTM againstthatfrom all

ozonesondesover theNorth Pacific betweenFebruaryandApril 2001(left) andfrom theOsloCTM2

(right).

Figure6. Ozonesondeprofilesof ozone(left) andrelativehumidity(right)overTaiwanandHongKong

(solid lines),againstthosefrom theFRSGC/UCICTM (dashedlines). Thestratosphericcomponentof

modelledozoneis shown in grey.
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Figure 7. Comparisonof FRSGC/UCICTM andLIDAR ozoneprofilesfor selectedflights across

the Pacific from/to Hawaii (Flights 5, 18), from Hong Kong (Flight 7) andfrom Yokota (Flight 14).

Modelledozonein thestratospherebelow 18 km is maskedat 500ppb. Theflight trackof theDC-8 is

shown in white,andblackcontoursindicateapproximatecloudopticalextinction(10�
�

cm�
�
) from the

IFS fields.

Figure 8. Decompositionof the ozoneprofile from the FRSGC/UCICTM into stratospheric(left

panel)andtropospheric(right panel)components.Theupperhalf of eachpanelshows theflight track

profile; thelowerhalf showsslicesover thewesternPacificat500hPa(5 km) and320hPa(8 km) four

hoursinto the flight. The flight track of the DC-8 is shown in white, andblack contoursshow mean

sea-level pressurefrom theIFS fields.

Figure9. ImpactsontheozoneprofileatChejuonMarch1of varyingthelocationandtimein sampling

theFRSGC/UCICTM fields. Thelocationis variedby onegrid box (1.9� ) spatially, andthetime by 6

hours;successiveprofiles(black)areshiftedby 100ppbandareshown againsttheozonesondeprofile

(grey). A secondozonesonde,on March 2, is shown for comparisonas‘+24hr’ in the lowestpanel,

shiftedby 550ppb.
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Figure 1. The latitudinal gradientin ozonecolumnover the westernPacific region (90� –180� E) in

March2001from TOMS(grey) andtheFRSGC/UCICTM (black). Thezonalmeanoverall longitudes

for thesameperiod(dashed)is shown for comparison.Verticalbarsindicatethermsvarianceover the

rangeof longitudesandtime.
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Figure 2. Total ozonecolumnsfor selecteddaysduring the campaigncomparedwith concurrent

columnsfrom theTOMSinstrument.Notethattheorbitsprecessfrom eastto west,coveringtheregion

shown in about10hours,with thefinal, westernmostorbital typically atabout4:00GMT; comparisons

areshown at or soonafterthis to minimizethephaselag.
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Figure3. Comparisonof ozoneprofilesfrom theFRSGC/UCICTM (black,dashed)andOsloCTM2

(grey, dashed)with ozonesondeprofiles(solid lines) during the TRACE-Pcampaignperiodin 2001.

Profilesover theeasternPacificareavailablefrom theFRSGC/UCICTM only.
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Figure 4. Altitude distributionof the150ppbisoplethof ozonefrom all ozonesondesover theNorth

Pacific betweenFebruaryandApril 2001,againstthosefrom the FRSGC/UCICTM (left) andOslo

CTM2 (right).
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Figure5. Meanboundarylayerozonebelow 800hPafrom theFRSGC/UCICTM againstthatfrom all

ozonesondesover theNorth Pacific betweenFebruaryandApril 2001(left) andfrom theOsloCTM2

(right).
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Figure6. Ozonesondeprofilesof ozone(left) andrelativehumidity(right)overTaiwanandHongKong

(solid lines),againstthosefrom theFRSGC/UCICTM (dashedlines). Thestratosphericcomponentof

modelledozoneis shown in grey.
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Figure 7. Comparisonof FRSGC/UCICTM andLIDAR ozoneprofilesfor selectedflights across

the Pacific from/to Hawaii (Flights 5, 18), from Hong Kong (Flight 7) andfrom Yokota (Flight 14).

Modelledozonein thestratospherebelow 18 km is maskedat 500ppb. Theflight trackof theDC-8 is

shown in white,andblackcontoursindicateapproximatecloudopticalextinction(10�
�

cm�
�
) from the

IFS fields.
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Figure 8. Decompositionof the ozoneprofile from the FRSGC/UCICTM into stratospheric(left

panel)andtropospheric(right panel)components.Theupperhalf of eachpanelshows theflight track

profile; thelowerhalf showsslicesover thewesternPacificat500hPa(5 km) and320hPa(8 km) four

hoursinto the flight. The flight track of the DC-8 is shown in white, andblack contoursshow mean

sea-level pressurefrom theIFS fields.
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Figure9. ImpactsontheozoneprofileatChejuonMarch1of varyingthelocationandtimein sampling

theFRSGC/UCICTM fields. Thelocationis variedby onegrid box (1.9� ) spatially, andthetime by 6

hours;successiveprofiles(black)areshiftedby 100ppbandareshown againsttheozonesondeprofile

(grey). A secondozonesonde,on March 2, is shown for comparisonas‘+24hr’ in the lowestpanel,

shiftedby 550ppb.


